ABSTRACT Recently, air pollution has become more serious and started to have a dramatic effect on the health of humans in many large cities. Generally, outdoor personal protection, such as commercial masks, cannot effectively prevent the inhalation of many pollutants. Particulate matter (PM) pollutants are a particularly serious threat to human health. Here we introduce a new efficient air filtration mat that can be used for outdoor protection. The new efficient air filter's nanocomposite materials were successfully fabricated from poly(ε-caprolactone)/polyethylene oxide (PCL/PEO) using an electrospinning technique and solvent vapor annealing (SVA). SVA treatment endows the wrinkled fiber surface and enhances the PM2.5 capture capacity of protective masks. This nanowrinkled air filtration mat can effectively filter PM2.5 with a removal efficiency of 80.01% under seriously polluted conditions (PM2.5 particle concentration above 225 mg m −3 ).
INTRODUCTION
In the last several years, environmental issues have drawn extensive attention owing to the dangerous nature of their impact on human health and the environment [1] [2] [3] [4] . Particulate matter (PM) is a very complex mixture of pollutants with extremely fine particles and small liquid droplets [5] [6] [7] [8] . PM2.5 is particularly harmful because these small particles can penetrate the lungs and the bronchi [9] [10] [11] [12] [13] . In indoor environments, these particles can be filtered out by ventilation or central air-conditioning systems, whereas the individual protection used by people outdoors is not effective because the PM2.5 removal efficiency of most commercial masks is low because of the micro-sized diameter of the particles. Thus, the efficient and convenient removal of these PM pollutants from the air has become an urgent and challenging concern for researchers [14] . For instance, the design and development of efficient filtration materials that can remove PM2.5 particles with high recyclability are a central focus. It is well documented that filtration fibers with high porosity, high accumulated density, and small fiber diameters exhibit a higher PM2.5 removal efficiency [15] .
It is well known that electrospinning is a relatively simple method of producing continuous fibers with nano-and submicron-sized diameters [16] . The fibers prepared by electrospinning exhibit high porosity, fine pore size, staggered pore structure, small pore size, and controllable diverse architecture and thickness, which makes them ideal candidates for air filtration materials [17] [18] [19] [20] . Based on these properties, many types of electrospun fibrous membranes, including polyurethane (PU), polystyrene, polyvinyl alcohol, polyvinyl acetate, Nylon 6 nanofibers, and polyacrylonitrile (PAN) nanofibers, have been successfully fabricated and used as air filtration media [21] [22] [23] [24] [25] [26] [27] . However, these nanofibers usually have low breathability and low recyclability. Cui et al. [15] reported on a transparent air filter prepared by electrospinning with high-efficiency PM 2.5 capture. Pan et al. [28] designed and prepared porous bead-on-string polylactic acid (PLA) fibrous mat-type materials by electrospinning for PM filtration. Some research has illustrated that the morphological characteristics of fibers have a significant impact on the fibers' filtration performance, such as their diameter, surface structure, packing density, and volume fraction [29] [30] [31] . The abovementioned nanofibers are generally composed of single elements with mostly smooth surface structures, circular cross sections, and very small diameters, which is beneficial for efficiently capturing PM2.5 [32] [33] [34] . However, multicomponent polymer nanofibers generally show stronger controllability than single-component polymer nanofibers in terms of strength, recyclability, and specific surface area [35] . For example, PAN, polyvinyl chloride (PVC), PU, polyethylene terephthalate nanofiber membranes enabled with PU, fly ash particles, and cyclodextrin, respectively, improved the mechanical properties primarily because of various intermolecular weak interactions [22, [36] [37] [38] . At the same time, nanofibers exhibited high filtration efficiency and were found to be potentially suitable for the removal of certain air pollutants, along with biological contaminants owing to their high specific surface area [39] . Thus, multicomponent polymers are preferred in electrospinning to prepare air filter mats owing to their excellent chemical and thermal stability of synthetic polymers along with controllable fluid properties and surface structure. Researchers often focused on the key point of improving the air filtration efficiency by adjusting the thickness of the nanofibers and neglected the more important key point of regulating the surface structure of nanofibers [40, 41] .
In order to overcome the challenges that were previously described, we designed and successfully prepared electrospun poly(ε-caprolactone)/polyethylene oxide (named PCL/PEO) nanofiber mat composite membrane materials, which were then treated with solvent vapor annealing (SVA) to form nanowrinkled nanostructures to remove PM2.5. The selection of the particular PCL/PEO material used in this study was based on several considerations. First, PCL can interact with acetone solvents and its presence is a prerequisite for the preparation of wrinkled structures in PCL/PEO fibers. Secondly, PCL is an ecofriendly and inexpensive material that is easy to obtain. In this study, the motivation behind SVA treatment of electrospun mats originated primarily from the modification and regulation of micro/nanostructures of membranes for potential incremental improvement of filter efficiency. In the current SVA process that is used to fabricate PCL/PEO materials, acetone, as a poor solvent for PCL/PEO nanofibers, can delocalize the amorphous chains very efficiently and allow them to be redeposited onto the preexisting crystal edges, growing nanowrinkled nanostructures on the surface of the PCL/ PEO nanofibers [42] [43] [44] [45] . The fabricated SVA-treated air filtration mat demonstrated a high PM2.5 removal efficiency due to nanowrinkled nanostructures, low resistance to air flow, and light weight. The PM2.5 removal efficiency of the nanofiber mat reached 80.01% by adjusting the surface structure and fiber thickness, and the PM2.5 removal efficiency of commercial masks was thus increased from 7% to nearly 80% under extremely hazardous air quality conditions.
EXPERIMENTAL SECTION

Materials
The experimental materials, PCL (M n = 80 kg mol −1 ; Sigma-Aldrich (Shanghai) Trading Co. Ltd.), PEO (M n = 600 kg mol −1 ; Sigma-Aldrich (Shanghai) Trading Co. Ltd.), trichloromethane (analytical reagent grade; Fisher Scientific, Waltham), and acetone (analytical reagent grade; Fisher Scientific), were used directly without further purification.
Nanocomposites fabrication
PCL/PEO nanofiber mats were fabricated via an improved electrospinning method. In brief, 0.21 g of PEO powder and 0.5 g of PCL pellets were dissolved in 6.3 mL of chloroform solution and then stirred for 24 h at room temperature to obtain a uniform and transparent spinning precursor solution [45] . Next, the solution was allowed to stand for 1 h to drive the air bubbles out of the solution. After that, the uniform solution was transferred into a syringe. We chose three typical electrospun fiber samples with the following parameters (needle tip voltage, working distance, feed rate of solutions): 25 kV, 25 cm, 0.3 mL h −1 (Sample 1), 15 kV, 25 cm, 1 mL h −1 (Sample 2), and 15 kV, 15 cm, 1 mL h −1 (Sample 3). The environmental parameters included humidity of 18% and a temperature of 15°C during the electrospinning process. About 300 mL of acetone was poured into a 5 L desiccator, which was maintained at a constant temperature of 22-23°C. The samples were put on a ceramic plate inside the desiccator and fumigated in 100% acetone vapor [46] [47] [48] . At the same time, the samples were fumigated in acetone vapor inside the desiccator for 5 ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   424 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . days. After 5 days, the samples were taken out of the desiccator, dried under vacuum for 24 h at room temperature, and evaluated for further characterization.
Batch filter tests for PM2.5 removal
For the filtration experiment, the filter properties of the fabricated nanocomposite materials were investigated, especially the PM2.5 removal efficiency. In order to find the most efficient air filter materials, commercial masks made of different materials and electrospun fiber mat samples from different production methods were investigated for PM2.5 capture at room temperature. In this study, PM2.5 was generated by burning moxa stick incense for a period of time in a confined room. The burning smoke contained PM2.5 above 270 µg m −3 , and the smoke had a very complex composition that included CO, CO 2 , and certain volatile organic compounds, such as benzene, alcohols, amines, phenols, and long-chain hydrocarbons [49] [50] [51] [52] [53] . This smoke had a composition similar to that of common haze, so it can be used as a model to simulate haze in the laboratory [54, 55] . The current environmental PM2.5 concentration was recorded, and then the nanofiber mat was fixed with a rubber band on the PM2.5 mask filtration efficiency measuring device, with count data collected every 5 s with a total test time of 90 s. To ensure the accuracy of the results, each sample was tested 5 times and averaged. For other parameters of the fiber mats and commercial masks of different materials, similar experimental procedures were adopted. The change in PM2.5 concentrations was evaluated by measuring the PM2.5 mask filtration efficiency (Inovafitness Electronic Technology Co., Ltd.) at room temperature using an air flow of 600 L min −1 . For the recycling experiments, the filtered fiber mats were washed thoroughly with deionized water and ethanol 4-5 times and were found to maintain a relatively high filtering efficiency [56] .
Characterization
The microstructure of all the obtained composite materials was characterized using field-emission scanning electron microscopy (FE-SEM; Hitachi S-4800-II) with 5-15 kV accelerating voltage and transmission electron microscopy (TEM; Hitachi HT7700, High-Technologies Corp.). X-ray photoelectron spectroscopy (XPS) was performed with a Thermo Fisher Scientific ESCALab 250Xi with an Al-Kα source, and X-ray diffraction (XRD) characterization was accomplished with an X-ray diffractometer equipped with a CuKα X-ray radiation source and a Bragg diffraction setup (SmartLab, Rigaku). The thermal stability of the samples was measured on a simultaneous thermal analyzer using thermogravimetrydifferential scanning calorimetry (TG-DSC) in a nitrogen atmosphere (Netzsch STA 409 PC Luxx, Germany). The change in particle concentration was measured using a PM2.5 mask filtration efficiency measuring device (Inovafitness Electronic Technology Co., Ltd.). Fig. 1 presents the steps of the entire experimental procedure, including the preparation of the precursor solutions, the electrospinning process, the SVA treatment, and the final PM2.5 removal test. Simply stated, the PCL/ PEO nanofibers were obtained by electrospinning, and the surface of the fibers was wrinkled by SVA treatment. Finally, the treated fibers were subjected to PM2.5 filtration experiments. The morphologies and nanostructures of all the prepared composite materials before and after SVA treatment were investigated using SEM.
RESULTS AND DISCUSSION
Structural characterization of the air filtration mats
A typical SEM image of the nanowrinkled air filtration mat fabricated from a PCL/PEO chloroform solution is presented in Fig. 2 , which is similar to examples from previous reports [57, 58] . The image in Fig. 2a distinctly demonstrates that the electrospun mat shows a uniform and smooth fiber with a fiber diameter distribution concentrated at 1-1.5 µm (Fig. 2a') . The fibers' surface exhibits uniform wrinkled nanostructures ( Fig. 2b ) with an increased specific surface area when the electrospun fiber mat was treated via the SVA method [59] [60] [61] . Additionally, the diameter of the SVA-treated fibers shows the range of 3-5 µm (Fig. 2b') , indicating that the nanostructures of the fibers changed clearly with the SVA-treated process.
Electrospinning liquid jets generate considerable stretching forces on nanofibers of about 2 µm diameter, which consist of dislocated sheets and loose amorphous chains. The primary PCL/PEO fibers were dried at 25°C for 24 h under vacuum and then aged at 20-25°C for 48 h prior to the SVA test. The used aged temperature must be lower than the PCL/PEO crystallization temperature to keep organized fiber nanostructures; thus, the primary fibers were aged at 20-25°C for further crystallization [62] [63] [64] . The PCL/PEO fibers that were SVA-treated exhibited clear lamella-like petals. The acetone vapor appeared to first selectively diffuse into the amorphous region because the chain packing in the crystallization zone was loose in the amorphous region, and many lamella-like petals grew on the annealed PCL/PEO nanofibers due to those amorphous chains with low availability and low mobility, which can cause rearrangement during annealing [45] . First, the acetone vapor selectively mobilized kinetically stagnant amorphous chains as the liquid jet quickly dried. Then, these amorphous chains crystallized at the edges of preexisting crystals with the action of acetone. Finally, a wrinkled structure with a high density grew on the fiber surface.
SVA processing time and temperature were found to be extremely important factors affecting fiber morphology. SEM images of the PCL/PEO fibers were obtained for different SVA treatment durations at room temperature in ceramic desiccators. Images of Sample 1 dried for 24 h under vacuum and aged 48 h after different durations of annealing [65] [66] [67] , shown in Fig. 3a-f , shows diameters of about 2 µm. The prepared electrospun PCL/PEO nanofibers with a diameter of approximately 2 µm shows a smooth surface in Fig. 3a . Compared to the fibers treated with SVA, a slight wrinkle-like structure appeared after one day of annealing (Fig. 3b) . By comparison, PCL/PEO fibers undergoing 2 days (Fig. 3c ) of SVA treatment generated secondary hierarchical nanostructures that were more pronounced and denser, and the PCL/PEO fibers undergoing 3 days of SVA treatment exhibited a deep and an uneven layered structure (Fig. 3d) . Compared with Fig. 3d, Fig. 3e illustrates a deeper and uniform layered structure. With 5 days of SVA treatment, clear lamella-like petal structures appear on the fiber surface, uniform and dense, indicating that longer aging time results in more perfect crystal growth (Fig. 3f) .
In addition, the PCL/PEO fibers (Sample 1) prepared for different SVA treatment durations were characterized by XRD, which was important for self-assembled composite materials [68] [69] [70] [71] [72] [73] [74] [75] . The XRD pattern of PCL (Fig. 4a) shows characteristic diffraction peaks at 21.4°a nd 23.7°. The PEO diffraction pattern exhibits two intense characteristic peaks located at 19.3°and 23.6°, whereas PCL/PEO components show three main peaks at 19.3°, 21.4°, and 23.6°, which indicate that the PCL/PEO components contain both PCL and PEO. Fig. 4b shows the diffraction patterns of the prepared air filtration mat with different SVA treatment durations. The characteristic peak located at 21.4°shows a sharper tendency with the increment of SVA time, which indicates a change in the crystallinity of PCL/PEO composites. This is a better proof of the structural phenomenon in Fig. 3 . In addition, ity after SVA treatment [45, 46] . It is important to note that PCL crystallite growth is apparently restricted by the PEO phase with a rigid and more densely packed semicrystalline structure. In this case, the spherulitic growth of PCL is suppressed because of the spatial confinement of the semicrystalline PEO phase. Meanwhile, thicker fibers favor the spherulitic growth of PCL, resulting in a PCL phase that can crystallize simultaneously throughout the surfaces of electrospun fibers [57] .
PM2.5 removal performances of air filtration mats
The filtration properties of the fabricated PCL/PEO mats were examined in the PM2.5 filtration experiments. In this experiment, PM2.5 is generated by burning moxa stick incense. The burning moxa stick contains PM2.5 smoke with CO, CO 2 , and many volatile organic compounds that are similar to PM2.5 in real haze that forms over big cities. The filtration experiments were performed on the PCL/PEO air filtration mats, and the results, test equipment, and the test methods are presented in Fig. 6 . In this study, the air filtration mat performance was evaluated using a PM2.5 mask filtration efficiency measuring device that consists of four parts: an air inlet, a measuring cavity, a fan, and an air outlet (Fig.  6a) . When the fan switch is turned on, the air flow containing PM2.5 enters the measuring cavity at a flow rate of 600 L min −1 . At the beginning of the experiment, the real-time PM2.5 particle concentrations could be recorded by the sensors in the measuring cavity showing a stable number. Then, the test sample was sealed with a rubber band on the top of the measuring cavity immediately (Fig. 6c) , and the particle density was measured and recorded every 5 s over a total test time of 3 min. To ensure the accuracy of the experimental results, each experiment was repeated 5 times and averaged. The removal of PM2.5 was related to the volume of the spinning precursor solution. To determine the volume, Sample 1 was selected with different precursor solution volumes to test the filter performance. Fig. 6d shows the filtration curves of the PCL/PEO air filtration mat with precursor solution volumes of 2, 2.5, 3, 3.5, and 4 mL, respectively. In order to evaluate the air filtration mat before SVA treatment, the PM2.5 removal rates were obtained for several different volumes: 57.31% removal at 2 mL, 65% removal at 2.5 mL, 68.5% removal at 3 mL, 67.43% removal at 3.5 mL, and 67.31% removal at 4 mL. After SVA treatment, the values were 68.89% at 2 mL, 69.01% at 2.5 mL, 71.37% at 3 mL, 70.72% at 3.5 mL, and 69.53% at 4 mL (Fig. 6d) . The optimum volume was found to be 3 mL, which had sufficient air penetration and resulted in the best PM2.5 removal rate. Therefore, the volume of 3 mL was chosen for follow-up experiments. The PM2.5 removal efficiencies of the air filtration mat with different volumes and the comparison of PM2.5 removal efficiencies of the air filtration mat before and after SVA treatment are presented in Fig. 6d . Another important factor that affects the PM2.5 removal performance is the surface structure of the fiber. Compared to the primary fibers, the SVA-treated fibers with the same parameters of 15 kV, 25 cm, and 1 mL h
and the same volume of 3 mL show significantly increased PM2.5 removal efficiencies by about 6.37% with increasing the specific surface area. Besides the volume of the spinning precursor solution and the surface structure of the fiber, another important parameter for the air filtration mat is the filter's dimension, which also affects the PM2.5 removal efficiency [76] [77] [78] . In this study, we used an air filtration mat with two other parameters (Sample 2 and Sample 3) to test the PM2.5 removal efficiency. The average fiber diameters of Sample 2 and Sample 3 are of 2.5 ± 0.4 and 4 ± 0.5 µm, respectively, as shown in Fig. 7a ' and c'. As shown in Fig. 7b' and d' , the average fiber diameters of Sample 2 SVA (Sample 2 with 5 days of SVA treatment) and Sample 3 SVA (Sample 3 with 5 days of SVA treatment) are, respectively, of 6 ± 1.1 and 4.5 ± 1.2 μm, indicating that the fiber diameter slightly increased and became relatively uniform after SVA treatment.
The PM2.5 filtration column chart of different air filtration mats is shown in Fig. 8. PM2 .5 removal efficiencies reach 77.92% and 77.97% for Sample 2 and Sample 3, respectively. In the controlled experiment of air filtration nanocomposite mats with different fiber diameters, the removal performances of PM2.5 were significantly different. Sample 3 with 15 kV, 15 cm, and 1 mL h −1 had the characteristics of uneven diameter, high porosity, and high packing density, so as to obtain a higher PM2.5 removal efficiency. For the SVA-treated fibers shown in Fig. 8a , Sample 2 SVA had a PM2.5 removal efficiency of 77.14% and Sample 3 SVA had a PM2.5 removal efficiency of 80.01%. Therefore, the PM2.5 removal efficiency of Sample 3 SVA was optimal, corresponding to the experimental results shown in Fig. 8a . Sample 3 SVA has the highest PM2.5 removal rate, since crude fibers serve as a kind of framework, playing a supporting role in the deposition of finer fibers in the fiber membrane, increasing the looseness between fibers, and improving the porosity of the fiber membrane [47] . In addition, in order to study the efficiency of our air filtration mat (Sample 3 SVA ) on a truly contaminated hazy day, we conducted a field test on 29 December 2017 in Qinhuangdao, China. The concentration of PM2.5 on that day was 250 µg m −3 , which is considered serious air pollution. The Sample 3 SVA air filtration mat achieved a PM2.5 removal efficiency of 73.75%. An error bar represents the standard deviation of four replicate measurements. In this experiment, by adjusting the spinning parameters of the air filtration mat, the PM2.5 removal efficiency was increased by about 9%. For Sample 2 and Sample 3, with SVA treatment, the PM2.5 removal efficiencies increased by 2.63% and 2.09%, respectively. As a result, we designed and successfully prepared a high-efficiency air filtration mat using three steps: quantitative precursor spinning solution with 3 mL, suitable electrostatic spinning parameters with 15 kV, 15 cm, and 1 mL h −1 , and SVA treatment under appropriate conditions.
To further compare the PM2.5 filter performance of the ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   430 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . air filter mat, we chose and investigated commercial masks with different texture materials, as seen in Fig. 8b . The results indicated that the PM2.5 filter performance of the cloth mask was 7.32%, with values of 8.53%, 16.26%, and 86.85% for the nonwoven mask, medical mask, and the 3M mask, respectively. It could be easily observed that most of the masks, except for the 3M mask, have relatively low PM2.5 removal efficiencies and fail to trap PM2.5 and protect human life [79] . To meet this challenge, we deposited the prepared air filter mat onto the surface of commercial masks and then tested the filter performance. It should be noted that, after compositing with the air filtration mat, the PM2.5 removal efficiency of commercial masks increased significantly (78.14% for cloth masks, 78.31% for nonwoven masks, 79.22% for medical masks, and 87% for 3M masks). In addition, it should be further noted that the SVA-treated PCL/PEO air filter mat showed clear advantages, such as a simple and ecofriendly preparation process, easy degradation nature, controllable nanostructures, low material cost, and wide combinations with different mask substrates, demonstrating potential applications with high filtration efficiency and wide fields compared with the commercial 3M masks. Hence, air filtration mat-anchored masks have shown improved filtration performance. Furthermore, composite materials that were reported in previous work are shown in Table 1 , which clearly demonstrated various characteristics of different air filtration mats in the filtration process [24, 27, 28, 36, 37, [80] [81] [82] . For example, Wang et al. [28] prepared porous bead-on-string PLA nanofibers by electrospinning, and the obtained nanofibrous membranes exhibited an excellent filtration efficiency with a low pressure drop. Our present study shows significant advantages in the PM2.5 removal efficiency, good reusability, and stability. It is expected that, due to the SVA treatment, the 3D nanowrinkled structure can provide new idea for respiratory protection, air purification, and 3D nanomaterial design.
To further study the ability of air filtration mats to capture PM2.5, we investigated the composition and surface chemistry of PM2.5. The air filtration mat and mask with fibers were sealed in the instrument, which was exposed to outdoor haze air (PM2.5 mass concentration larger than 225 mg m −3 ), and the fan was turned on to let the air containing PM2.5 pass through for 24 h, trapping PM2.5. Masks with respective capture of PM2.5 are shown in Fig. 9a . The surface of the mask with fibers becomes dirty after capturing PM2.5. In order to further study PM2.5, we studied the capture of PM2.5 by fibers. From the SEM image, we can see that PM2.5 particles are irregular in shape and easily adhere to and agglomerate on the fiber surface (Fig. 9b) . TEM images of PM2.5 captured by fibers are shown in Fig. 9c . PM2.5 aggregates have sizes of around 700 nm. Energy-dispersive spectrometry (EDS) shows that the PM2.5 particles contain more complex components, mainly C and O elements and a little Ca, Fe, and other metals (Fig. 9b) .
To further study the composition of PM2.5, an XPS analysis was performed on Sample 1 before ( Fig. 10a and b) and after ( Fig. 10c and d) the filtration of haze. We exposed Sample 1 to outdoor hazy air for 48 h and then carried out an XPS test of PM2.5. Fig. 10a conveys that the C 1s signal mainly is located at 284.8, 285.5, 286.5, and 288.7 eV, corresponding to C-OH, C-O, C=O, and O=C-O bonds, respectively. The XPS spectra with O1s survey data from Sample 1 before filtration of haze are shown in Fig. 10b , which clarifies the position of five peaks at 531.7, 532.7, and 533.5 eV that represent the bonds of C=O, C-O, and -O-H, respectively. In addition, Sample 1, after the filtration of haze, shows that the C 1s signal mainly consists of three peaks at 284.6, 285.3, and 288.7 eV, which represent the bonds of C-OH, C-O, and O=C-O, respectively (Fig. 10c) . Moreover, the O 1s peaks are located at 531.7, 532.5, and 533.5 eV, corresponding to C=O, C-O, and -O-H bonds, respectively (Fig. 10d) .
The overall results show that C and O are the primary elements on the PM2.5 surface with functional groups of C-C, C-O, and C=O [27] . The results of the XPS analysis of PM2.5 correspond to the results of elemental analysis of the energy spectrum (Fig. 9) .
CONCLUSIONS
In summary, we have demonstrated that electrospun PCL/PEO air filtration mats can act as highly effective PM2.5 filters because of their lamella-like petals, thickness of uneven fiber diameter, packing density, and surface chemistry. These air filtration mats can effectively prevent PM2.5 from entering the human respiratory tract; thereby they protect humans who carry out activities outdoors on hazy days. An electrospun PCL/PEO air filtration mat with a volume of 3 mL spinning precursor fluid and 5 days of SVA treatment can be used under simulated environmental conditions, with a PM2.5 removal efficiency maintained at 80.01%. This air filtration mat was also evaluated by a field test in Qinhuangdao with a PM2.5 removal efficiency of 73.75%. We found that our air filtration mat integrated with commercial masks can be used as a new filter mask to provide protection in outdoor environments. In addition, this air filtration mat can be regenerated and demonstrate excellent reusability. The present study is expected to open new avenues for the design and preparation of ecofriendly air filtration mats that can be easily integrated into commercial masks, which could filter PM2.5 out of the air more efficiently if the SVA treatment method is used. 
